Introduction {#Sec1}
============

The World Health Organization (WHO) has established guidelines for drinking-water quality that cover biological and chemical hazards from both natural and anthropogenic sources. As an organization with worldwide scope and resources, not tied to the political or financial interests of any one country or region, the WHO is uniquely able to provide unbiased guidelines for the international community. WHO guidelines are not regulations, but may be used by governments or other stakeholders for setting local standards. Some countries, especially those with limited resources, use WHO guidelines as *de facto* standards. Therefore, these guidelines often directly affect the most disadvantaged populations. WHO guidelines are also used by researchers when comparing drinking water across regions or countries since the guidelines provide a uniform international measure of water quality, whereas local standards may vary by jurisdiction.

In the most recent edition of *Guidelines for Drinking-water Quality* (2011), the WHO withdrew, suspended, did not establish, or raised guidelines for the inorganic toxic substances manganese, molybdenum, nitrite, aluminum, boron, nickel, uranium, mercury, and selenium \[[@CR1]\]. In each case, careful study of the WHO background documents suggests these changes may not adequately protect public health. In contrast, the WHO did not establish any new guidelines for the 62 of 76 (82 %) elements in the earth's crust that do not currently have a WHO drinking water guideline \[[@CR1], [@CR2]\]. The WHO also did not decrease the guidelines for any inorganic compounds \[[@CR1]\].

In this paper, we review the 2011 changes to the WHO drinking-water guidelines for the inorganic toxic substances manganese, molybdenum, nitrite, aluminum, boron, nickel, uranium, mercury, and selenium. These inorganic compounds are commonly found in drinking water, through the result of either natural processes or anthropogenic contamination. For example, we evaluate the WHO's decision not to establish a health-based drinking-water guideline for aluminum, the third most abundant element in the earth's crust \[[@CR1], [@CR2]\].

We do not evaluate changes to the WHO drinking-water guidelines for pesticides and other anthropogenic chemicals. These compounds are not naturally occurring and are only found in polluted drinking water. Thus, we do not evaluate the WHO's decision to discontinue a health-based drinking-water guideline for cyanide because it "Occurs in drinking-water at concentrations well below those of health concern, except in emergency situations following a spill to a water source" \[[@CR3]\], and we do not evaluate the WHO's decision to discontinue a health-based drinking-water guideline for chlorobenzene because of its taste and odor \[[@CR1], [@CR3]\].

The WHO Chemical Aspects Working Group meets several times a year to plan revisions to the WHO drinking-water quality guidelines and to set a timetable for these revisions \[[@CR3]--[@CR5]\]. According to minutes of these meetings \[[@CR3]--[@CR5]\], revisions to some of the drinking-water guidelines for inorganic substances are planned. However, many of the planned revisions are limited in nature and the published timetable for these revisions is extended as late as 2020. Thus, stakeholders may find it prudent to establish independent recommendations for inorganic toxic substances to proactively protect public health, or at the very least, revert to previous editions of the *Guidelines for Drinking-water Quality*, which were more protective of public health.

Manganese {#Sec2}
---------

In 2011 the 400 μg/L drinking-water guideline for manganese was withdrawn with the assertion that since "this health-based value is well above concentrations of manganese normally found in drinking-water, it is not considered necessary to derive a formal guideline value" \[[@CR1]\]. However, over 50 countries have drinking-water or potential drinking-water supplies with manganese concentrations above 400 μg/L \[[@CR6]\]. In Bangladesh alone, over 60,000,000 people are likely drinking water with manganese above 400 μg/L \[[@CR6]\]. Two years after the manganese guideline was withdrawn, WHO staff and consultants wrote a report from the 2013 World Health Organization Meetings on the *Guidelines for Drinking-water Quality* that observed, "There is a lot of concern from developing countries about WHO withdrawing its GV \[guideline value\] for manganese because it is present at high levels in solution in some community groundwater supplies" \[[@CR3]\].

This report noted, "There is an internal inconsistency in the GDWQ \[*Guidelines for Drinking-water Quality*\]: on p. 387, it states that a GV \[guideline value\] for manganese is not necessary because it is "Not of health concern at levels found in drinking-water", whereas on p. 471, it states that manganese is "Not of health concern at levels causing acceptability problems in drinking-water". The latter statement is more correct, especially considering the high levels of manganese that have been found in drinking-water sources" \[[@CR3]\]. In other words, since manganese might affect the taste of drinking-water and stain laundry and plumbing fixtures at less than 400 μg/L, the WHO assumes that a person will not drink such water, so a 400 μg/L guideline is not needed. According to WHO plans \[[@CR3]\], for some chemicals, acceptability problems may justify the withdrawal of formal guideline values that are currently based on adverse health effects in the next edition of *Guidelines for Drinking-water Quality*.

However, taste, staining, and other acceptability problems such as odor are subjective, imprecise, and hard to quantify. For example, the WHO states that manganese at 100 μg/L "imparts an undesirable taste to beverages and stains plumbing fixtures and laundry" \[[@CR7]\], at 50 μg/L "discoloration may occur" \[[@CR7]\], and at 20 μg/L forms "coatings on water pipes that may later slough off as a black precipitate" \[[@CR7]\]. These differing values make it unclear which concentration is the most appropriate to choose for an acceptability threshold in place of a health-based guideline value.

Furthermore, the assumption that a person will not drink water if the concentration of a chemical is greater than an acceptability threshold may not protect public health. For example, over 60,000,000 people in Bangladesh were found to have been drinking water with an average 940 μg/L of manganese for 6 years in 1998 \[[@CR8]\]. In another study, people in western Bangladesh were found to have been drinking water with 400 μg/L to 2400 μg/L of manganese for an average of 9 years in 2002 \[[@CR9]\]. People from Bongaon, West Bengal, India have been drinking water with an average, and maximum manganese concentration of 240 μg/L, and 640 μg/L, respectively \[[@CR10]\]. People from Tha Pyay Thar, Myanmar have been drinking water with a minimum, average, and maximum manganese concentration of 390 μg/L, 1000 μg/L, and 1700 μg/L, respectively \[[@CR11]\]. A photograph of a typical drinking-water plumbing fixture from Tha Pyay Thar is shown in Fig. [1](#Fig1){ref-type="fig"}; it is not apparent that the potential for manganese to stain such fixtures may be a concern for the Tha Pyay Thar residents. The fact that tens of millions of people readily drink water with manganese concentrations far above a presumed acceptability threshold highlights the inadvisability of relying on such acceptability thresholds instead of establishing formal health-based guideline values. In conclusion, relying on acceptability thresholds instead of health-based drinking-water guidelines for manganese or other toxic chemicals is not protective of public health and may be especially harmful to the disadvantaged.Fig. 1A drinking-water well from Tha Pyay Thar, Myanmar where the minimum, average, and maximum concentration of manganese is 390 μg/L, 1000 μg/L, and 1700 μg/L, respectively. (Photograph by Manja Uhlig, 2013; reproduced by permission of Manja Uhlig)

The WHO 2011 decision to withdraw the drinking-water guideline for manganese was based on a literature review that did not include any references on human toxicity published after 2001; some studies suggest the former 400 μg/L guideline may have been too high to protect public health \[[@CR12]\]. Numerous papers published since 2001 have investigated adverse health effects due to manganese.

Exposure to high levels of manganese has long been recognized to have neurotoxic effects in adults, with excessive manganese exposure linked to Manganism, Parkinsons Disease, and movement disorders \[[@CR13]--[@CR17]\]. Elevated levels of manganese in blood, hair or nails have also been associated with compulsive behaviors, emotional lability, hallucinations, attention disorders, and cognitive decline in adults \[[@CR18]--[@CR23]\] as well as Amyotrophic Lateral Sclerosis (ALS) \[[@CR24]\].

A growing body of evidence points to adverse effects of excessive manganese on children's behavior and intellectual development \[[@CR25], [@CR26]\]. A 2009 review by Menezes-Filho et al. \[[@CR27]\] of adverse effects of manganese exposure on neurodevelopment in children discusses 5 articles published before 2000 and 7 articles published between 2000 and 2009, while two 2013 reviews by Rodríguez-Barranco et al. \[[@CR28]\] and Zoni and Lucchini \[[@CR29]\] discuss 10 additional articles on adverse effects of manganese on children's neurodevelopment published between 2009 and 2012. All of these reviews as well as 2 subsequent reviews by Polańska et al. \[[@CR30]\] and Grandjean and Landrigan \[[@CR31]\] note that manganese has been linked to behavioral problems, learning disabilities and intellectual deficits in children. Recent papers published in 2013 and 2014 reporting adverse effects of manganese on children's neurodevelopment include Lin et al. \[[@CR32]\], Oulhote et al. \[[@CR33]\], Roberts et al. \[[@CR34]\], and Torres-Agustín et al. \[[@CR35]\]. In contrast, a small study of children with relatively low exposures to manganese found no clear evidence between hair manganese and children's developmental scores \[[@CR36]\]. Also, a small study of the metals content of shed primary teeth found no significant differences in tooth manganese levels between children showing high levels of disruptive behavior compared to typically developing children, but children with autism spectrum disorders showed marginally lower tooth manganese levels than typically developing children \[[@CR37]\].

As an essential element, either an excess or a deficiency of manganese has been shown to adversely affect birth outcomes. Elevated levels of cord blood manganese have been found with preeclampsia cases \[[@CR38]\]. High levels of manganese exposure have been associated with low birth weight \[[@CR39], [@CR40]\]. Other studies have found both low and high levels of maternal or cord blood manganese associated with low birth weight \[[@CR41]--[@CR43]\] or high ponderal index \[[@CR44]\]. Both low and high levels of maternal manganese have been found to inhibit calcium-pump activity at birth \[[@CR45]\]. In some studies well water with high levels of manganese has been associated with increased infant mortality \[[@CR46], [@CR47]\]; other studies found no effects or decreased infant mortality \[[@CR48]--[@CR50]\].

Manganese also affects hormones and the endocrine system. Elevated manganese levels have been indicated as a potential factor in male infertility \[[@CR51]--[@CR53]\]. High manganese levels have also been associated with elevated prolactin at birth \[[@CR54]\] and in children ages 7--11 \[[@CR55]\]. Both teenagers and adults with goiter have been found to have high levels of manganese \[[@CR56], [@CR57]\].

Some individuals may be especially sensitive to manganese exposure. Blood manganese levels tend to be higher with lower blood iron levels \[[@CR58]\], and iron deficiency, which is especially common in the developing world, can exacerbate manganese toxicity \[[@CR59]--[@CR61]\]. Individual cases of childhood Manganism \[[@CR62]\] or epileptic seizures \[[@CR63]\] have been linked to manganese exposure, while excessive manganese accumulation has been implicated in hepatocerebral syndrome \[[@CR64]\].

At the 2013 World Health Organization Meetings on the *Guidelines for Drinking-water Quality*, it was decided "If Member States express concern about manganese, WHO will explain that the scientific basis of the manganese HBV \[Health-based Value\] is under review and that the review is expected to be complete in time for the second addendum." The second addendum to the 4th edition of the *Guidelines for Drinking-water Quality* is not expected until late 2017 \[[@CR3]\]. Given the common occurrence of manganese in drinking-water, the WHO's decision to rely on an acceptability threshold rather than a formal health-based guideline value, the numerous adverse health effects associated with manganese exposure, and the expected lengthy timetable for possible revisions to the WHO guideline, stakeholders might choose to develop their own independent health-based drinking-water standards for manganese or, at the very least, continue using the former WHO guideline of 400 μg/L published in the previous (3rd) edition of the *Guidelines for Drinking-water Quality* \[[@CR65]\].

Molybdenum {#Sec3}
----------

Similarly, in 2011 the 70 μg/L WHO health-based drinking-water guideline for molybdenum was withdrawn with the assertion that molybdenum "occurs in drinking-water at concentrations well below those of health concern"; therefore, "it is not considered necessary to set a formal guideline value" \[[@CR1]\]. However, the WHO previously stated that in a "survey of 380 finished water samples from across the USA, 29.9 % contained measurable concentrations of molybdenum, with a mean of 85.9 µg/litre and a range of 3-1024 µg/litre" \[[@CR66]\]. The WHO also explained that, "Molybdenum was present in 32.7 % of surface water samples from 15 major river basins in the United States of America (USA) at concentrations ranging from 2 to 1500 μg/l (mean 60 μg/l) (Kopp & Kroner, 1967; National Academy of Sciences, 1977). Levels in groundwater ranged from undetectable to 270 μg/l in another survey in the USA (Kehoe, Chalak & Largent, 1944)" \[[@CR67]\]. In addition to the United States \[[@CR66], [@CR68], [@CR69]\], molybdenum has been reported in drinking water and potential drinking water supplies at concentrations above the former 70 μg/L WHO health-based guideline in Argentina \[[@CR70]--[@CR72]\], Burkina Faso \[[@CR73]\], Cambodia \[[@CR74]\], Ethiopia \[[@CR75], [@CR76]\], and Iran \[[@CR77]\]. Thus, it is not uncommon for molybdenum in drinking water to exceed the former 70 μg/L health-based guideline, so the guideline should be reinstated.

The WHO does not plan to reinstate a guideline for molybdenum before the 5th edition of *Guidelines for Drinking-water Quality*, scheduled for publication in late 2020 \[[@CR3]\]. Therefore, stakeholders might choose to develop their own independent health-based drinking-water standards for molybdenum or, at the very least, continue using the former WHO guideline of 70 μg/L published in the previous (3rd) edition of the *Guidelines for Drinking-water Quality* \[[@CR65]\].

Nitrite {#Sec4}
-------

In 2011 the 3000 μg/L drinking-water guideline for acute or short-term exposure to nitrite was maintained; however, the 200 μg/L drinking-water guideline for chronic or long-term exposure to nitrite was "suspended and is under review owing to significant uncertainty surrounding the endogenous formation of nitrite and concentrations in human saliva" \[[@CR1]\]. In this same document, the WHO recommended that the "average exposures \[of nitrite\] over time should not exceed about 0.2 mg/l \[200 μg/L\]" \[[@CR1]\]. Given this recommendation, the decision to suspend the 200 μg/L guideline seems inconsistent.

The suspension of the guideline was especially unexpected given the many common sources of chronic exposure to nitrite. According to the WHO, "Nitrite can also be formed chemically in distribution pipes by *Nitrosomonas* bacteria during stagnation of nitrate-containing and oxygen-poor drinking-water in galvanized steel pipes or if chloramination is used to provide a residual disinfectant" \[[@CR1]\]. In addition, the use of septic tanks and cesspools to dispose of human excrement, and the use of nitrogen fertilizers and animal manures by agriculture are common sources of nitrite in drinking water \[[@CR78]\].

The WHO plans to issue a revised background document and summary statement for nitrate/nitrite in late 2015 \[[@CR3]\]. It is unclear whether a guideline for chronic exposure to nitrite will be reinstated at that time. Until a formal guideline for chronic exposure to nitrite is reinstated, stakeholders might decide to develop their own independent health-based drinking-water standards for the chronic exposure to nitrite or, at the very least, follow the WHO's recommendation that the "average exposures \[of nitrite\] over time should not exceed about 0.2 mg/l \[200 μg/L\]" \[[@CR1]\].

Aluminum {#Sec5}
--------

In 2011 the WHO stated that a 900 μg/L health-based drinking-water guideline for aluminum "could be derived"; nevertheless, this guideline was not applied because it exceeds the expected concentration of aluminum remaining in drinking water after treatment with aluminum-based coagulants \[[@CR1]\]. However, treatment with aluminum-based coagulants is not the only source of aluminum in drinking water.

For example, drinking water with ambient aluminum concentrations above 900 μg/L has been reported in the United States, according to the WHO \[[@CR66]\]. Similarly, drinking water and potential drinking water supplies with ambient aluminum concentrations above 900 μg/L have been reported in Argentina \[[@CR71], [@CR72]\], Bangladesh \[[@CR79]\], Brazil \[[@CR80], [@CR81]\], Ethiopia \[[@CR76]\], Ghana \[[@CR82]\], India \[[@CR83]\], Iran \[[@CR77]\], Kosovo \[[@CR84]\], Lesotho \[[@CR85]\], Sri Lanka \[[@CR86]\], Sweden \[[@CR87]\], Tanzania \[[@CR88]\], Turkey \[[@CR89]\], and Uganda \[[@CR90]\]. The WHO noted that, "The concentration of aluminium in natural waters can vary significantly depending on various physicochemical and mineralogical factors. Dissolved aluminium concentrations in waters with near-neutral pH values usually range from 0.001 to 0.05 mg/l \[1 μg/L to 50 μg/L\] but rise to 0.5--1 mg/l \[500 μg/L to 1000 μg/L\] in more acidic waters or water rich in organic matter. At the extreme acidity of waters affected by acid mine drainage, dissolved aluminium concentrations of up to 90 mg/l \[90,000 μg/L\] have been measured" \[[@CR91]\].

Thus, untreated drinking water can contain aluminum, either from natural or anthropogenic sources, at concentrations high enough to cause adverse health effects. Drinking-water guidelines are used to determine safety, and as a result, must apply to both natural and anthropogenic sources of contamination. Therefore, a health-based guideline for aluminum is vital for determining the safety of untreated drinking water.

Boron {#Sec6}
-----

In 2011 the WHO increased the drinking-water guideline for boron from 500 μg/L to 2400 μg/L \[[@CR1]\]. Notably, this 2400 μg/L guideline is approximately 20 % high due to a rounding error in an intermediate step of the calculation, contradicting WHO policy \[[@CR1]\]. The 2013 World Health Organization Meetings on the *Guidelines for Drinking-water Quality* confirmed that, "The GV \[guideline value\] or HBV \[health-based value\] for the GDWQ \[*Guidelines for Drinking-water Quality*\] will be rounded at the final step only. This will need to be clearly explained in the guideline derivation section" of the WHO *Policies and Procedures Manual* \[[@CR3]\].

Specifically, the tolerable daily intake (TDI) of boron was rounded up during an intermediate step from 0.17 mg/kg to 0.2 mg/kg of body weight \[[@CR92]\]. The WHO explained that, "Applying an uncertainty factor of 60 to the BMDL~05~ \[a lower 95 % confidence limit on the benchmark dose\] of 10.3 mg/kg body weight gives a TDI of 0.17 mg/kg body weight, rounded to 0.2 mg/kg body weight" \[[@CR92]\]. The calculation of TDI is shown in Equation [1](#Equ1){ref-type=""}.$$\documentclass[12pt]{minimal}
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The current 2400 μg/L guideline based on the incorrectly rounded TDI of 0.2 mg/kg body weight is shown in Equations [2](#Equ2){ref-type=""} and [3](#Equ3){ref-type=""}. This calculation assumes that a 60 kg person drinks 2 L of water per day, and that 40 % of the ingested boron is from this drinking water \[[@CR92]\].$$\documentclass[12pt]{minimal}
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Without this rounding error, the guideline for boron would have been 2000 μg/L. Using the unrounded TDI of 0.17 mg/kg body weight would yield a corrected guideline of 2000 μg/L, as shown in Equations [4](#Equ4){ref-type=""} and [5](#Equ5){ref-type=""}. Note that guidelines are "usually rounded to one significant figure" \[[@CR1]\] during the final step of calculation, according to the WHO.$$\documentclass[12pt]{minimal}
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The 2013 World Health Organization Meetings on the *Guidelines for Drinking-water Quality* did not specifically identify this rounding error for boron \[[@CR3]\]. It is essential that the WHO correct this rounding error; in the meantime, stakeholders should establish health-based drinking-water standards for boron that do not include rounding errors.

Nickel {#Sec7}
------

In 2006 the WHO increased the health-based drinking-water guideline for nickel from 20 μg/L to 70 μg/L \[[@CR93]\]. This increase was maintained in 2011 \[[@CR1]\]. The former 20 μg/L guideline was based on several peer-reviewed studies of rats, mice, and dogs that found adverse kidney, liver, and reproductive effects from chronic exposure to nickel \[[@CR94]\]. When developing the current 70 μg/L guideline, instead of relying on these several peer-reviewed studies, the WHO selected a single, more recent, unpublished, industry-funded 2-generation study of chronic exposures in rats that was performed by a commercial laboratory \[[@CR95]\]; an interlibrary loan request for this unpublished study was declined by the industry group. In contrast to the several peer-reviewed studies that gave a 20 μg/L guideline, this single, unpublished, industry-funded study suggested a 130 μg/L guideline. Somewhat unexpectedly, an acute exposure study producing eczema in humans yielded a lower guideline than this unpublished chronic exposure study, so the current 70 μg/L guideline protects against eczema as an acute exposure effect and discounts possible health effects due to chronic exposures \[[@CR95]\].

It is unclear why a lower 20 μg/L guideline that protects against a more likely chronic exposure was replaced with a higher 70 μg/L guideline that protects against a less likely acute exposure. This example for nickel may be the first time in the history of the WHO that a relatively low guideline for a chronic exposure was replaced with a relatively high guideline for an acute exposure. Some of the attendees at the 2013 World Health Organization Meetings on the *Guidelines for Drinking-water Quality* expressed concern about replacing a guideline that is based on chronic exposure with a guideline that is based on acute exposure: "Another concern is that the WHO GV \[guideline value\] is based on a LOAEL \[lowest observed adverse effect level\] for an acute effect" \[[@CR3]\]. At the meeting it was concluded that, "Guidance on deriving GVs based on an acute effect is needed" \[[@CR3]\] and "A robust evaluation needs to be undertaken" \[[@CR3]\]. However, no deadline for this evaluation was scheduled \[[@CR3]\].

Of further concern is that, when revising the nickel guideline, the WHO increased the allocation for exposure from drinking water from 10 to 20 %, effectively doubling the guideline \[[@CR94], [@CR95]\]. The former 10 % allocation was based on a peer-reviewed article and a government report \[[@CR94]\]; the WHO did not provide references supporting this allocation increase for nickel \[[@CR95]\]. It is possible that this increase from 10 to 20 % might derive from the following change to the WHO *Policies and Procedures Manual*, "In most circumstances, allocation factors will range from 20 % to 80 % (default allocation factors are 20 % for chemicals for which drinking-water is not the main exposure route and 80 % for chemicals for which drinking-water is the main exposure route)" \[[@CR3]\]. If so, it would be more protective of public health to replace the default 20 % allocation for nickel exposure from drinking water with the peer-reviewed 10 % allocation. The report from the 2013 World Health Organization Meetings on the *Guidelines for Drinking-water Quality* would seemingly support this return to a more protective 10 % value, "Based on exposure patterns, it may be necessary to revisit the allocation factor used in the derivation of the WHO GV \[guideline value\] for nickel"; however, the "time frame \[for this reevaluation is\] unknown" \[[@CR3]\].

Uranium {#Sec8}
-------

In 2011 the WHO increased the provisional drinking-water guideline for uranium from 15 μg/L to 30 μg/L \[[@CR1], [@CR96], [@CR97]\]; the WHO notes "The guideline value is designated as provisional because of scientific uncertainties surrounding uranium toxicity...as well as difficulties concerning its technical achievability in smaller supplies" \[[@CR1]\]. The 30 μg/L health-based guideline was calculated using a "no-effect group" with "no evidence of renal damage" based on a 2006 study of human adults who drank water with a median uranium concentration of 25 μg/L for an average of 16 years \[[@CR96]--[@CR98]\]. However, this nominal "no-effect group" showed statistically significant increases in diastolic blood pressure, systolic blood pressure, and glucose excretion in urine \[[@CR98]\]. The study authors note that for the increased blood pressure, "the effect was small and no clear hypertension was observed" \[[@CR98]\]. However, they also point out "The biomarkers chosen for this study, if measured at a single point in time, may not adequately identify renal injury from long-term exposure because, for example, the kidney might adapt to long-term stable exposures such that there is a decrease in the ability of proximal tubular cells to excrete these markers into urine" \[[@CR98]\]. It must be kept in mind that this "no-effect group" was a subpopulation from a larger 2002 study by Kurttio et al. that showed statistically significant increases in calcium fractional excretion, phosphate fractional excretion, diastolic blood pressure, systolic blood pressure, and diuresis \[[@CR96], [@CR98], [@CR99]\]. Another study published in 2005 by Kurttio et al. used a different subpopulation from the 2002 Kurttio et al. study consisting of 146 men and 142 women who drank well water with a median uranium concentration of 27 μg/L for an average of 13 years \[[@CR100]\]. This 2005 Kurttio et al. study found increased levels of bone turnover markers with increased uranium exposure in men \[[@CR100]\]. These results showing potential adverse effects in the 3 related Kurttio et al. studies \[[@CR98]--[@CR100]\] put into question whether the Kurttio et al. 2006 group can appropriately be termed a "no-effect" group \[[@CR96]\].

Although the term "benchmarking" does not appear in the WHO's background document explaining the rationale for raising the guideline for uranium \[[@CR97]\], the method of calculating the current 30 μg/L guideline bears some resemblance to a benchmarking approach. The WHO note that "When appropriate data for mathematical modelling of dose--response relationships are available, BMDLs \[Lower Confidence Limit on the Benchmark Dose\] are used as alternatives to NOAELs in the calculation of health-based guideline values" \[[@CR1]\]. The WHO define a BMDL as "the lower confidence limit of the dose that produces a small increase (e.g. 5 % or 10 %) in the level of adverse effects" \[[@CR1]\]. In the derivation of the 2011 uranium guideline, the WHO state "Considering the Kurttio et al. (2006a) study group as a no-effect group, the value of the 95th percentile of the uranium exposure distribution is considered to be a NOAEL. From the analysis of the uranium exposure of approximately 200 people, the value of the 95th percentile is estimated to be 1094 μg/day, and the 95 % confidence interval is calculated to be 637--1646 μg/day using a bootstrap method. The lower confidence limit of 637 μg/day is appropriate for the point of departure" \[[@CR97]\]. This reference to a lower confidence limit of a dose is somewhat suggestive of benchmarking techniques. However, since the WHO assume there were no adverse effects in the Kurttio et al. 2006 population, there could be no evidence for a dose that produces a small increase in effects, and the WHO also do not discuss the existence of a dose--response curve for the Kurttio et al. 2006 population \[[@CR97]\]. Thus, despite the reference to the lower confidence limit of a dose, the WHO appear to be taking a NOAEL approach in calculating this guideline rather than benchmarking.

By definition, a NOAEL is "the highest dose or concentration of a chemical in a single study, found by experiment or observation, that causes no detectable adverse health effect" \[[@CR1]\]. To reduce the uncertainty of potential interspecies variation, human exposure studies are preferred when available \[[@CR1]\]. For ethical reasons, toxicological studies involving human populations are typically epidemiological studies, in which a sample group has been exposed accidentally to a toxic substance, often with a wide range of exposure concentrations. Some such studies divide the sample population into discrete exposures groups and the groups are compared to see if any statistically different patterns of effects may be discerned (e.g. \[[@CR101], [@CR102]\]). Alternatively, conclusions are drawn from the exposed population as a whole as compared to either defined reference values for tested parameters or a control population; in these cases, the mean or median exposure concentration of the undifferentiated exposed population is generally used for the comparison \[[@CR66], [@CR103]\].

In the 2006 Kurttio et al. study of human uranium exposure on which the 2011 WHO guideline is based, a total of 193 persons drank water containing from 0.03 to 1500 μg/L uranium, with a median exposure of 25 μg/L (36 μg/day) across the entire group, and an interquartile range of 5 to 148 μg/L \[[@CR98]\]. Perhaps due to the relatively small sample size, Kurttio et al. 2006 did not separate the total population into distinct exposure groups for the purposes of statistical analyses. However, in an earlier larger study of 325 people, of which the 2006 study population was a subset \[[@CR99]\], the authors did divide the population into discrete exposure groups, and they noted "We observed a statistically significant increase in phosphate fractional excretion for drinking water uranium concentration \> 300 μg/L relative to \< 2 μg/L.... Similarly, the study persons with the highest uranium excretion and intake had elevated calcium and phosphate fractional excretion compared with the lowest exposure groups\.... Uranium exposure was associated with increased systolic and diastolic blood pressures and diuresis (urine volume/time) when continuous exposure variables were used..., but the association was statistically significant only between diuresis and the highest categoric exposure group (uranium in urine) compared with the lowest exposure group" \[[@CR99]\]. Such results suggest that, given a larger population of highly exposed subjects, it is possible that statistically significant differences might have emerged between high and low exposure subgroups within the 2006 Kurttio et al. study. Thus, it would be inadvisable to assume that lack of effects might be found equally across the entire range of exposures tested by the Kurttio et al. 2006 study.

However, in analyzing the data from the Kurttio et al. 2006 study for use in setting the current drinking-water guideline for uranium, the WHO effectively assumed that no effects were found at the highest exposure levels included in the study. Starting with the high extreme exposure of 1500 μg/L, the WHO first estimated the 95th percentile of the high extreme exposure (1094 μg/day), then used an unspecified bootstrap method to construct a 95 % confidence interval around this 95th percentile (637--1646 μg/day) \[[@CR96], [@CR97]\]. They then selected the lower 95 % confidence limit (637 μg/day) of the 95th percentile of exposure as the NOAEL for the study \[[@CR96], [@CR97]\]. It must be noted that by constructing a confidence interval around the 95th percentile of exposure, only a small portion of the data are considered, 5 % of the total 193 subjects in the study, or approximately 10 people \[[@CR96]\]. Basing a NOAEL on an exposure extreme when the conclusion of no observed adverse effects was drawn from the entire group of exposures, as was done in this case, produces a figure that is likely biased high and not representative of the exposures actually experienced by the study group as a whole \[[@CR96]\]. If a guideline is to be derived from the Kurttio et al. 2006 study, given the relatively small size of the study and the fact that discrete exposure groups were not specifically identified or compared statistically by the original study authors, it would be more protective to develop a NOAEL based on a mean, median, or some other measure of central tendency of exposure, a level which a majority of the group actually experienced. Indeed, other WHO guidelines based on epidemiological studies of human exposures typically are based on the mean or median exposure experienced by the group as a whole rather than on an exposure extreme \[[@CR66], [@CR103]\]. Notably, the 637 μg/day NOAEL derived by the WHO from the Kurttio et al. 2006 study is approximately 18 times greater than the 36 μg/day median exposure of this nominal no-effect group \[[@CR98]\], and yields a 30 μg/L drinking-water guideline that is most likely too high to protect public health \[[@CR96], [@CR97]\].

The WHO has commissioned WCA Environment Ltd. to "perform a preliminary assessment of the gaps in the evidence base to support the potential derivation or update of guidelines for 29 substances", including uranium \[[@CR3]\]. At the 2013 Chemical Aspects Working Group Meeting some participants suggested that further literature review for uranium would not be necessary since the guideline for uranium was recently revised in 2011 "and it is unlikely that there will be new data to consider", while others suggested that toxicological data for this compound "could be looked at" \[[@CR3]\]. Thus, it is unclear at this point whether toxicological data published after 2009, the date of the most recent paper cited by the WHO in setting the 2011 guideline, will be considered in the next edition of the *Guidelines for Drinking-water Quality*.

It should be kept in mind that the WHO note "In rural areas with high natural uranium levels, uranium concentrations lower than the guideline value may be difficult to achieve with the treatment technology available (WRc 1997)...As most exposure is from small supplies for which resources are likely to be limited and alternative supplies that are microbiologically safe may not be readily available, care should be taken in responding to an exceedance of the guideline value, which is probably conservative" \[[@CR97]\]. Nevertheless, since effective removal of uranium is possible in many areas with high natural uranium concentrations, it would be prudent to base a guideline for uranium solely on health-based concerns rather than on treatability with the most basic technologies. Treatment technologies are constantly being improved, and may be driven by the guidelines themselves; taking into account limitations of current technologies to remove a contaminant when setting a guideline may curb motivation for developing more effective treatment technologies and improving global public health.

Mercury {#Sec9}
-------

In 2006 the WHO changed the health-based drinking-water guideline for mercury from 1 μg/L of total mercury to 6 μg/L of inorganic mercury \[[@CR104]\]. This change was maintained in 2011 \[[@CR1]\]. The former 1 μg/L guideline was based on the toxicity of methylmercury, an organic and highly toxic form of mercury found in the environment \[[@CR105]\]. To explain why the former guideline for mercury was based on the toxicity of methylmercury, the WHO stated "it is unlikely that there is any direct risk of the intake of organic mercury compounds, and especially of alkymercurials \[such as methyl- and ethylmercury compounds\], as a result of the ingestion of drinking-water. However, there is a real possibility that methylmercury will be converted into inorganic mercury" \[[@CR105]\]. Thus, "To be on the conservative side, the PTWI \[Provisional Tolerable Weekly Intake\] for methylmercury was used to derive a guideline value for inorganic mercury in drinking-water" \[[@CR105]\]. Specifically, the former 1 μg/L guideline was based on a 5 μg of total mercury/kg of body weight PTWI, of which no more than 3.3 μg/kg of body weight should be methylmercury \[[@CR105]\]. This PTWI was derived by the Joint FAO/WHO Expert Committee on Food Additives (JECFA) from human health effects found in an adult population in Niigata, Japan \[[@CR104], [@CR106]\]. Based on more recent studies of neurological effects in children in the Seychelles and Faroe Islands, in 2004, JECFA lowered the PTWI for methylmercury to 1.6 μg/kg of body weight to protect developing fetuses, the most sensitive population \[[@CR107], [@CR108]\]. If the practice of basing the drinking water guideline for total mercury on the PTWI for methylmercury had been continued in 2006, the former 1 μg/L drinking-water guideline would have been lowered significantly to protect developing fetuses.

Instead, in 2006, the WHO revised the drinking-water guideline for mercury so that it only applied to inorganic mercury; there is no longer any drinking-water guideline that applies to organic mercury \[[@CR93], [@CR104]\]. The revised guideline is based on the toxicity of inorganic mercury in rats \[[@CR104]\]. This guideline is derived using a TDI of 2 μg/kg of body weight, that was recommended by the International Programme on Chemical Safety (IPCS) Working Group in 2003 as shown in Equations [6](#Equ6){ref-type=""} and [7](#Equ7){ref-type=""} \[[@CR104], [@CR109]\]. This calculation assumes that a 60 kg person drinks 2 L of water per day, and that 10 % of the ingested inorganic mercury is from this drinking water.$$\documentclass[12pt]{minimal}
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After conducting a review of the literature through January 1999, the IPCS Working Group based their 2003 TDI on a 1993 National Toxicology Program (NTP) study in rats. A more recent 2011 JECFA reexamination of the same 1993 NTP rat study recommended lowering the PTWI for inorganic mercury to 4 μg/kg of body weight \[[@CR110]\], corresponding to a lower TDI for inorganic mercury of 0.6 μg/kg of body weight; this TDI would lead to a lower drinking-water guideline of 2 μg/L as shown in Equations [8](#Equ8){ref-type=""}, [9](#Equ9){ref-type=""}, and [10](#Equ10){ref-type=""}. As in Equations [6](#Equ6){ref-type=""} and [7](#Equ7){ref-type=""}, this guideline calculation assumes that a 60 kg person drinks 2 L of water per day, and that 10 % of the ingested inorganic mercury is from this drinking water.$$\documentclass[12pt]{minimal}
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At the 2013 World Health Organization Meetings on the Guidelines for Drinking-water Quality, it was stated that "The Chemical WG \[Working Group\] noted that consideration should be given to updating the background documents on mercury and cyanide based on the recent JECFA assessments," but no specific timeline for a possible update to the mercury background document was provided \[[@CR3]\].

A further concern for having a drinking-water guideline that applies only to inorganic mercury is the challenge of speciation. Mercury speciation requires advanced laboratory methods and expensive equipment that may not be available in routine drinking water testing laboratories, especially in the developing world \[[@CR111]\]. Furthermore, mercury determination, especially speciation, requires special care during sampling and storage in order to achieve accurate results \[[@CR112]\]. Often when water is tested for mercury, only total mercury levels are reported \[[@CR109]\], and concentrations of specifically inorganic mercury, or the possible occurrence of organic mercury in drinking water are not known (e.g. Nicaragua \[[@CR113]\], Pakistan \[[@CR114]\], Philippines \[[@CR115]\], and Poland \[[@CR116]\]). Thus, in areas where mercury speciation is not readily achievable, a drinking-water guideline for only inorganic mercury presents potential difficulties for measuring compliance. If a laboratory is not able to speciate mercury, there is a risk that the guideline of 6 μg/L for inorganic mercury might be applied to total mercury and that possible exposures to organic mercury might be overlooked.

The assumption that a drinking-water guideline for mercury need not take into account the potential for exposures to organic mercury must also be given more consideration. Organic mercury has been found in potable groundwater in the United States \[[@CR117]\]. It has also been reported in polluted surface waters in Canada \[[@CR66]\], China \[[@CR118]\], Ghana \[[@CR119]\], India \[[@CR120]\], Japan \[[@CR66]\], Romania \[[@CR121]\], and Sweden \[[@CR122]\] at levels that could cause adverse health effects if these waters were ever to be adopted as drinking water sources. For many areas, little is known about the actual occurrence of organic mercury in drinking-water since speciation studies are rarely done. A further issue for relying on speciation for assessing the safety of a water supply is that mercury in the environment is subject to conversion from inorganic to organic forms, and from organic to inorganic forms \[[@CR123]\].

Mercury is an extremely potent toxic substance with no biological use in the body \[[@CR124]\]. It causes a variety of adverse health effects, including the renal changes found in rats that the current drinking-water guideline for inorganic mercury is based on \[[@CR93], [@CR125]\] and the neurological effects in children that a guideline for methylmercury could potentially be based on \[[@CR107], [@CR108]\]. In addition, recent research has shown that chronic exposure to low concentrations of mercury has been noted to cause diverse neurological effects in adults \[[@CR124]\], and cardiovascular \[[@CR126]\], renal \[[@CR123]\], visual \[[@CR127]\], auditory \[[@CR128]\], endocrine \[[@CR129]\], immune \[[@CR123]\], and reproductive \[[@CR130]\] effects in humans, and there is considerable genetic variation in susceptibility to mercury intoxication \[[@CR130]\].

Significant groups of people, particularly frequent consumers of fish, have body burdens of total mercury that already exceed safe levels \[[@CR131]--[@CR134]\]. For example, all 720 patients who came for an office visit to a private internal medicine practice in San Francisco, California during a 1 year period were evaluated for mercury risk from their reported fish consumption and symptomology, including fatigue, headache, decreased memory, decreased concentration, and muscle or joint pain. At least 103, or 14 %, of these patients had blood levels greater than or equal to the 5.0 μg/L maximum recommended by the U.S. Environmental Protection Agency (U.S. EPA) and the National Academy of Sciences \[[@CR132]\]. Essentially all human exposure to methylmercury is from the consumption of fish, according to the U.S. EPA \[[@CR135]\]. As a result, some jurisdictions have chosen to set the source allocation factor for methylmercury in drinking water to 0 \[[@CR136]\]. Since methylmercury exposure from the consumption of fish constitutes such a high proportion of total exposure to this toxic substance, and high-end consumers of fish have been shown to develop symptoms of chronic mercury poisoning \[[@CR132]\], a 0 % source allocation factor for mercury may be appropriate for deriving a drinking water guideline. Thus, the 10 % source allocation factor for water used by the WHO in deriving the drinking water guideline for mercury may be too high.

Given the difficult nature of mercury speciation in drinking water and the likelihood that water contaminated with mercury may contain some methylmercury \[[@CR137]\], stakeholders might prefer to retain the former 2003 WHO guideline of 1 μg/L for total mercury, at least until the WHO is able to update its risk assessment for this toxic substance according to recent JECFA assessments \[[@CR108], [@CR110]\] and other research published during the last 10 years.

Selenium {#Sec10}
--------

In 2011 the WHO increased the health-based drinking-water guideline for selenium from 10 μg/L to 40 μg/L \[[@CR1]\]. Selenium is an essential trace element, with a recommended daily intake of 0.9 μg/kg of body weight for adults; selenium deficiency may be a co-factor in Keshan disease (endemic cardiomyopathy), Kashin-Beck disease (chronic, degenerative osteoarthropathy), and some autoimmune diseases \[[@CR103], [@CR138]\]. In contrast, excessive intake of selenium in humans has been associated with adverse skin, tooth, nail, hair, gastrointestinal, or neurological effects \[[@CR103]\]; it has also been implicated with diabetes, Amyotrophic Lateral Sclerosis (ALS), and skin cancer \[[@CR138]--[@CR140]\]. For many aspects of human health, including preventing cardiovascular disease, reducing cancer risk, and increasing reproductive success, response to selenium is often characterized by a U-shaped response curve, with both high and low extremes of serum selenium concentrations associated with adverse outcomes \[[@CR138]\]. The former WHO drinking-water guideline of 10 μg/L was calculated from a human epidemiological study in which no adverse health effects were reported for 142 persons with a mean daily selenium intake of 0.24 mg from food \[[@CR103], [@CR141]\]. The calculation of the NOAEL for the former guideline is shown in Equations [11](#Equ11){ref-type=""} and [12](#Equ12){ref-type=""}. This calculation assumes that a person weighs 60 kg. The WHO reported a NOAEL of "about 4 μg/kg of body weight per day" to 1 significant figure as follows \[[@CR103]\]:$$\documentclass[12pt]{minimal}
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This NOAEL of 4 μg/kg body weight per day was used in the calculation of the former 10 μg/L WHO guideline, as shown in Equations [13](#Equ13){ref-type=""} and [14](#Equ14){ref-type=""}. This calculation assumes that a 60 kg person drinks 2 L of water a day, and that 10 % of the ingested selenium is from this drinking water. The final result was rounded to 1 significant figure as follows \[[@CR103]\]:$$\documentclass[12pt]{minimal}
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In contrast, the current WHO drinking-water guideline of 40 μg/L was calculated from the upper tolerable intake of 400 μg/day of selenium, established in 2000 by the United States National Academy of Sciences \[[@CR1], [@CR142], [@CR143]\]. The National Academy of Sciences 400 μg/day Upper Limit (UL) for selenium was based on a series of studies of human selenium exposure in Hubei, China, especially a 1994 study by Yang and Zhou in which 5 patients who previously showed overt symptoms of selenium poisoning (hair loss and nail sloughing) had recovered when their selenium intake decreased to about 800 μg/day, although their nails still reportedly appeared brittle \[[@CR142], [@CR144]\]. The calculation of the 400 μg/day UL is shown in Equation [15](#Equ15){ref-type=""}. This calculation uses an uncertainty factor of 2 as follows \[[@CR142]\]:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \mathrm{Upper}\kern0.5em \mathrm{Limit}\kern0.5em =\kern0.5em \frac{\left(\frac{800\kern0.2em \upmu \mathrm{g}\kern0.2em \mathrm{of}\kern0.2em \mathrm{selenium}}{\mathrm{day}}\right)}{2\kern0.5em \mathrm{uncertainty}\kern0.5em \mathrm{factor}}=\frac{400\kern0.5em \upmu \mathrm{g}\kern0.5em \mathrm{of}\kern0.5em \mathrm{selenium}}{\mathrm{day}} $$\end{document}$$

It should be noted that the 400 μg/day UL calculated by the National Academy of Sciences applies specifically to adults. Although the National Academy of Sciences did not find evidence indicating increased sensitivity for any age group, they did establish separate ULs for different ages based on relative body weights. These ULs are shown in Table [1](#Tab1){ref-type="table"}.Table 1The Upper Limits (ULs) of selenium for children \[[@CR142]\]AgeUpper limit0 to 6 months45 μg/day7 to 12 months60 μg/day1 to 3 years90 μg/day4 to 8 years150 μg/day9 to 13 years280 μg/day14 to 18 years400 μg/day

Thus, the National Academy of Sciences ULs for pre-adolescents range from 45 μg/day for infants 0--6 months to 280 μg/day for children 9--13 \[[@CR142]\]. Overt signs of selenium toxicity, such as brittle hair, have been reported in children exposed to high selenium intake through food in areas such as Punjab, India \[[@CR138]\].

Since the WHO drinking water guidelines are supposed to provide adequate protection for all life stages, it is not clear why these age-weight based differences specified by the National Academy of Sciences were not taken into account by the WHO when establishing the drinking-water guideline based on the National Academy of Sciences 400 μg/day UL for adults.

Of additional concern is that the WHO increased the allocation for exposure to selenium in drinking water from 10 to 20 % without providing any references to support this increase \[[@CR145]\], a change which doubled the resulting guideline value. This doubling of the allocation to drinking water without providing support from the literature similarly occurred when the WHO revised the guideline for nickel \[[@CR94], [@CR95]\].

Finally, since the 2011 WHO drinking water guideline for selenium is based on a 2000 recommendation from the National Academy of Sciences, it does not take into account subsequent studies which found reason to question whether the 400 μg/day UL for total selenium intake or the former WHO guideline of 10 μg/L for selenium in drinking water were sufficiently protective of public health \[[@CR138]--[@CR140], [@CR146], [@CR147]\]. Selenium was originally included in the list of 29 substances contracted for review by WCA Environment Ltd. However, at the 2013 Chemical Working Group Meeting \[[@CR3]\], it was noted that Health Canada has recently reviewed selenium, so selenium was dropped from the list of chemicals contracted with WCA Environment Ltd.

Conclusions {#Sec11}
===========

In 2011, the WHO released the 4th edition of its *Guidelines for Drinking-water Quality*, in which the WHO withdrew the guidelines for manganese and molybdenum, suspended the guideline for long-term exposure to nitrite, did not establish a guideline for aluminum despite stating that a health-based guideline could be derived, and raised the guidelines for boron, nickel, uranium, mercury and selenium. For each of these inorganic compounds, a close examination of the WHO's background documents suggests that the recent decisions may not have taken into account readily available occurrence data or key toxicological research studies from the last decade, may not have followed WHO stated standard practices for deriving guidelines, or made mathematical, or other errors \[[@CR1]\].

The minutes of the December 2013 WHO Chemical Aspects Working Group meeting state that the current policy of the WHO is to not establish a formal health-based drinking-water guideline if the calculated guideline is greater than an expected treatability threshold \[[@CR3]\]. "A smaller working group needs to be convened to discuss broader issues, including ... what to do with the treatment and analytical method annexes for the fifth edition (e.g. it may be better to move away from chemical-specific information, as it gets out of date quickly, and give information on standard analytical methods or types of treatment that can be used for specific chemical groups or classes)" \[[@CR3]\]. Given that background documents, summary statements, addendums, and the *Guidelines for Drinking-water Quality* are regularly updated, it is suggested that the most accurate and current chemical-specific information be used to recommend global public health policies.

The WHO drinking-water guidelines apply to all sources of drinking water from large municipalities to individual households, cover both natural and anthropogenic sources of contamination, and are vital for providing guidance to governments, other stakeholders, and researchers. Given the issues raised here, it is recommended that the WHO reconsider its decisions to withdraw, suspend, not establish, or raise its drinking-water guidelines for manganese, molybdenum, nitrite, aluminum, boron, nickel, uranium, mercury, selenium, and possibly other chemicals. It is also important for the WHO to reconsider its plans to revise (or not revise) these guidelines, to update its database on health effects due to chronic exposures to inorganic toxic substances, and to reconsider its timeline for published revisions \[[@CR3]\]. In the meantime, stakeholders must note that the current 2011 WHO guidelines may not provide sufficient protection from the adverse health effects associated with chronic exposure to these inorganic toxic substances in drinking water.
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